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SUMMARY 
An electronic flight-guidance display format was designed for use in eval- 
uations of the collimated head-up display concept applied to transport aircraft 
landing. In the design process of iterative evaluation and modification, some 
general principles, or guidelines, applicable to electronic flight displays were 
suggested. The usefulness of an indication of instantaneous inertial flight- 
path was clearly demonstrated. Evaluator pilot acceptance of the unfamiliar 
display concepts was very positive when careful attention was given to indoc- 
trination and training, 
INTRODUCTION 
The electronic flight-guidance display discussed in this paper was devel- 
oped for use in a NASA/FAA program studying the potential benefits and problems 
associated with the application of head-up displays (HUD) to landing operations 
of civil-transport aircraft. Another paper in these proceedings (ref. 1) 
reports the reactions and performances of airline pilots using this display in 
flight-simulation experiments. It is the purpose of this paper to describe the 
display and its development and to point out the factors that influenced its 
design. The display format evolved over a period of several years in a process 
that included iterative evaluations in flight simulators. Initial formats bor- 
rowed significantly from military HUD experience and from the very limited 
experience with HUD in transport-category aircraft. Experience with these for- 
mats in flight simulation inspired many modifications, and in the process some 
basic "design principles'' were suggested. 
designed to function as the pilot's primary instrumentation in a broad range of 
operational situations, not just the final approach; thus, it is probable that 
many observations discussed are appropriate to forms of integrated electronic 
flight-guidance displays other than HUD. 
The experimental displays were 
After a brief description of the simulator facilities and procedures used 
in the development process, this paper addresses the HUD symbology content as 
influenced by the flight modes in which it is to be used. The logic employed 
in the dynamics of some of the display elements is described, and the pilot's 
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use of the full display in several types of approaches is demonstrated. 
design of selected display elements is discussed to substantiate suggested HTJD 
design principles. The paper concludes with observations regarding a few unre- 
solved questions exposed in the simulator exercises and the training require- 
ments associated with new display concepts. 
The 
TEST FACILITIES AND PROCEDURES 
S imula t ion 
Equipment- Most of the simulator tests were conducted in the Ames Flight 
Simulator for Advanced Aircraft (FSAA), which incorporates a transport-type 
cockpit on a larger amplitude six-degree-of-freedom cockpit motion system. In 
this simulator, a Redifon TV-model board visual simulation system provides a 
46" by 34" representation of the forward view of the terrain from the cockpit. 
The optical collimating system of the cockpit visual simulation display 
was used to provide the collimated head-up instrumentation display superimposed 
upon the outside scene. The physical arrangement is illustrated in figure 1. 
In a flight installation, the display system must place the optical combiner 
relatively close to the pilot's eyes to present a satisfactory field of view 
with equipment of practical size. 
combiner having typical combiner transmissivity was mounted as shown in 
figure 1. With or without the dummy combiner, the binocular field of view of 
the HUD was 24O wide and 18' high and it was not affected by head motion. 
The HUD display written on the cockpit cathode ray tube (CRT) was generated by 
a general purpose computer-graphics system linked to the similator computer. 
An example of the pilot's visual scene, including the HUD, is illustrated 
in figure 2 .  
For some of the simulator tests, a dummy 
Aircraft  models- The initial simulator tests utilized a dynamic model of 
the Boeing 737 airplane, but the more recent work was conducted with a simula- 
tion that incorporates the flight dynamics of the Boeing 727-200 airplane. 
The simulations were optimized €or dynamic fidelity in approach and landing 
maneuvers. Instrument landing system (ILS) approach-coupling and autoland 
capability were provided with the 727 model. 
Simulation of landing environments- The objectives of the display develop- 
ment called for efforts to simulate with some fidelity the reduced-visibility 
conditions accompanying low clouds and fog. Appropriate selective electronic 
occlusion of the simulated visual scene provided constant or varying visual 
conditions to as low as a 150-m (-500-ft) runway visual range (RVR). In addi- 
tion to standard wipd, wind-gradient, and turbulence models, a library of dis- 
crete atmospheric disturbances (shears and downdrafts) was utilized. In some 
instances, shear and downdraft profiles were combined with intermittent visi- 
bility conditions to simulate conditions known to be associated with specific 
aircraft accidents. 
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Evaluation Procedures 
In general, the evaluation procedures during the development of display 
formats were considerably less formal than those of the "operational evalua- 
tion" reported in reference 1. After an experimental display format had been 
assembled and tested by the Ames project staff, engineering pilots from the air 
transport industry and the Federal Aviation Administration (FAA) were invited 
to participate in the simulations and offer their evaluations and suggestions 
for improvements. 
environmental situations were experienced with and without the HUD. Without 
the HUD, approaches were conducted with instrument panel displays including an 
attitude-director indicator (ADI) and a horizontal situation indicator (HSI) 
typical for the aircraft and operation categories. 
lated aircraft and comments of the evaluator pilot were recorded. Over the 
past several years, about 250 hr of piloted simulation have been devoted to 
development of the subject display. 
pilots have participated in the extended evaluation sessions, and more than twice 
that number have experienced less extended exposure to the HUD simulations. 
In all the evaluations, a variety of approach types and 
Performance of the simu- 
At least 20 industry and government-agency 
HUD DESIGN CONSIDERATIONS 
Introduction 
Two interrelated design objectives characterize the evolution of a head-up 
display. 
outside scene to form unique flight-guidance information in visual meteorologi- 
cal conditions (VMC). The allied objective is the optimal integration of atti- 
tude, energy, and guidance information, taking advantage of the electronic 
medium and modern sensors to provide the pilot with the means for improved pre- 
cision of control in low-visibility approach and landing. The following dis- 
cussion uses the particular details of the subject HUD to demonstrate how these 
objectives can be met. It should be pointed out that the individual logics and 
symbology details utilized in the display are not claimed to be unique to this 
display nor are they claimed to be uniquely effective, but simulation experi- 
ence to date indicates that they do meet the design objectives. A complete 
technical description of the display is the subject of reference 2. 
The first involves the superposition of displayed information on the 
Military experience (particularly with the Viggen in Sweden), experimental 
work with head-up displays in transport-category aircraft in France, and exper- 
ience with the panel-mounted electronic display of the Terminally Configured 
Vehicle (TCV) program at the Langley Research Center have demonstrated the 
virtues of a representation of the instantaneous direction of flight of the 
airplane (flightpath symbol) relative to visible earth references. To provide 
this "conformality," attitude information of a quality normally associated with 
inertial navigation systems (INS) is desired. The following discussion assumes 
the availability of such information, as well as inertial velocity and accel- 
eration data sufficient to determine vertical flightpath angle and ground-track 
angle relative to heading. 
when inertial velocity information is nonexistent. 
A later discussion addresses the options available 
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Approach Guidance 
VMC gl idepath  controZ- The most obvious method of providing p r e c i s e  VMC 
g l idepa th  guidance wi th  a conformal d i s p l a y  of f l i g h t p a t h  i s  i l l u s t r a t e d  i n  
f i g u r e  3. A "fixed-depression" l i n e  below t h e  horizon i s  u t i l i z e d  t o  determine 
whether the  a i r c r a f t  is  above o r  below t h e  intended g l idepa th .  
t h e  a i r c r a f t  i s  above t h e  intended g l idepa th  of -3" and is  i n  l e v e l  f l i g h t .  I n  
f i g u r e  3(b) t h e  f l i g h t p a t h  of t he  a i r c r a f t  i s  being d i r e c t e d  a t  a po in t  s h o r t  
of t h e  runway, thus  descending toward t h e  des i r ed  g l idepa th .  A s  t h e  -3' l i n e  
lowers t o  t h e  intended touchdown po in t ,  t h e  f l i g h t p a t h  symbol is  r a i s e d  t o  a i m  
a t  t h e  touchdown po in t  ( f i g .  3 ( c ) ) .  I f  necessary  t h e  f l i g h t p a t h  is  adjus ted  
f u r t h e r  t o  main ta in  t h e  -3" l i n e  on t h e  touchdown p o i n t .  The e f f e c t i v e n e s s  of 
t h i s  scheme has been thoroughly demonstrated i n  f l i g h t  by G. Klopfs te in  of t h e  
French A i r  Force ( r e f .  3 )  and more r e c e n t l y  i n  the  Calspan T-33 a i r p l a n e  asso- 
c i a t e d  wi th  t h e  A i r  Force/Navy Display Evaluat ion F l i g h t  T e s t  (DEFT) program i n  
t h i s  country.  With t h e  v i s i b l e  runway, lateral l i neup  i s  assumed t o  be 
s t r a igh t fo rward ,  r equ i r ing  no a d d i t i o n a l  a i d s .  However, t h e  i n d i c a t i o n  of 
t r a c k  does o f f e r  increased  p rec i s ion  i n  t h e  lateral s t e e r i n g  mode. 
I n  f i g u r e  3(a)  
IMC guidance- A s  might be deduced from f i g u r e  3,  instrument  meteoro logica l  
cond i t ions  (IMC) guidance can be provided by a symbolic r ep resen ta t ion  ( i n  t r u e  
pe r spec t ive  and loca t ion )  of t h e  runway. Such a symbol can be cons t ruc ted  from 
the  ILS gl ide-s lope and l o c a l i z e r  e r r o r  measurements, toge ther  wi th  range-to- 
runway information e i t h e r  measured d i r e c t l y  o r  deduced from the  a l t i t u d e  above 
t h e  runway and t h e  ILS e r r o r .  
j u s t  t h i s  manner i n  t h e  I M C  mode. 
I n  f a c t ,  K lopf s t e in ' s  d i s p l a y  func t ions  i n  
With t h e  s u b j e c t  d i s p l a y ,  however, i t  w a s  d e s i r e d  t o  explore  a more 
e x p l i c i t  form of guidance, one t h a t  d i d  no t  depend on t h e  symbolic runway 
remaining i n  t h e  d i sp lay  f i e l d  of view. The guidance concept chosen i s  i l l u s -  
t r a t e d  i n  f i g u r e  4. ILS l o c a l i z e r  e r r o r  is  i n d i c a t e d  by t h e  la teral  d i sp lace -  
ment of a d i sp lay  element wi th  r e spec t  t o  t h e  approach course  heading r e fe rence ,  
as shown i n  f i g u r e  4 (a ) .  Glide-slope e r r o r  is ind ica t ed  by the  v e r t i c a l  d i s -  
placement of another  element w i th  respect t o  the  h o r i z o n t a l  elements 3" below 
t h e  horizon ( o r  t he  path angle  of t he  ILS  system i n  u s e ) .  These e r r o r  ind ica-  
t i o n s  are gained s o  t h a t  they combine to  d e f i n e  a po in t  i n  t h e  v i s u a l  f i e l d  
t h a t  corresponds t o  a p o s i t i o n  of an o b j e c t  on t h e  ILS g l idepa th  approximately 
one - f i f th  of t h e  d i s t a n c e  from the  aircraft t o  the  runway. The e x p l i c i t  guid- 
ance p r i n c i p l e  inhe ren t  i n  t h i s  e r ror -d isp lay  concept is  i l l u s t r a t e d  i n  f i g -  
u r e  4(b) .  By d i r e c t i n g  the  f l i g h t p a t h  of t h e  a i r c r a f t  a t  t h e  combined e r r o r  
i n d i c a t i o n  { i . e . ,  f l y i n g  a "pur su i t  course" a t  t h e  symbolic moving po in t  on t h e  
approach path)  a convergence t o  t h e  pa th  is  e f f e c t e d ,  and t h e  a i r c r a f t  f a l l s  i n  
t r a i l  "behind" t h e  ILS symbology on t h e  d e s i r e d  pa th  ( f i g .  4 ( c ) ) .  The s a m e  
guidance p r i n c i p l e  appears  i n  a newer French HUD development ( r e f .  4 ) .  A sym- 
b o l i c  runway i s  shown i n  these  f i g u r e s  t o  assist i n  i l l u s t r a t i n g  t h e  guidance 
p r i n c i p l e ,  but  i t  i s  no t  e s s e n t i a l  t o  t h e  p i l o t ' s  c o n t r o l  t a sk .  
i n  t h e  d i sp lay  f o r  i t s  c o n t r i b u t i o n  t o  " s i t u a t i o n  awareness." 
It w a s  r e t a i n e d  
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Energy Management 
To t h i s  p o i n t ,  t h e  basic-approach guidance func t ions  of t he  d i s p l a y  i n  
IMC and VMC have been def ined .  
order  t o  provide t h e  d e s i r e d  independence of instrument  pane l  information whi le  
us ing  t h e  head-up d i sp lay .  A s  shown i n  f i g u r e  5, f o u r  s e p a r a t e  i t e m s  of i n fo r -  
mation, t h r e e  of which are normally found on the  instrument  pane l ,  are added i n  
a s s o c i a t i o n  wi th  t h e  f l i g h t p a t h  symbol, moving w i t h  i t  t o  form a s i n g l e  major 
element of t h e  d i sp lay .  A d i g i t a l  readout  of i nd ica t ed  a i r speed  appears  t o  t h e  
l e f t  and below t h e  f l i g h t p a t h  re ference .  
below t h e  l e f t  "wing" of t h e  f l i g h t p a t h  symbol t o  i n d i c a t e  f a s t  o r  slow rela- 
t i v e  t o  a r e fe rence  speed. 
with r e s p e c t  t o  t h e  l e f t  wing i n d i c a t e s  a c c e l e r a t i o n  along t h e  f l i g h t p a t h .  
With t h e  appropr i a t e  s c a l i n g ,  t h e  p o s i t i o n  of t h i s  symbol i n d i c a t e s  t h e  
constant-speed f l i g h t p a t h  f o r  t he  cu r ren t  t h r u s t  and a i r p l a n e  conf igura t ion .  
Other mechanizations of t h i s  concept have been termed " p o t e n t i a l  f l i gh tpa th . "  
A d i g i t a l  d i s p l a y  of a l t i t u d e ,  of d e f i n i t i o n  appropr i a t e  t o  t h e  f l i g h t  regime, 
is  loca ted  below and t o  the  r i g h t  of t he  f l i g h t p a t h  symbol. A s e p a r a t e  v e r t i -  
ca l  rate i n d i c a t i o n  is deemed unnecessary s i n c e  t h e  v e r t i c a l  f l i g h t p a t h  pres-  
e n t a t i o n  provides  t h a t  func t ion .  
Displays of energy s ta te  are now requi red  i n  
A "tape" extends v e r t i c a l l y  above o r  
A s m a l l  chevron-shaped symbol moving v e r t i c a l l y  
Addi t iona l  Display References 
The format of f i g u r e  5, w i th  t h e  a d d i t i o n  of t h e  ILS symbology d iscussed  
earlier,  con ta ins  t h e  information d e s i r e d  f o r  t h e  f i n a l  IMC approach. However, 
a d d i t i o n a l  symbology i s  added ( f i g .  6) t o  accommodate the  more genera l ized  
maneuvering of approach-path i n t e r c e p t  o r  go-around. Addi t iona l  p i t c h  and 
heading r e fe rences  are provided,  t oge the r  wi th  a f ixed  symbol r e l a t i n g  t h e  
l o n g i t u d i n a l  r e fe rence  of t h e  a i r c r a f t  ("boresight") t o  t h e  o t h e r  d i s p l a y  ele- 
ments. It  can be noted t h a t  t h e  la teral  p o s i t i o n  of t h e  f l i g h t p a t h  symbol 
r e l a t i v e  t o  t h e  " a i r c r a f t "  symbol d e f i n e s  t h e  d r i f t  ang le  of t h e  a i r p l a n e ,  and 
the  ver t ica l  r e l a t i o n s h i p  of these  two symbols is an  approximate i n d i c a t i o n  of 
angle  of a t t a c k .  The l a t te r  r e l a t i o n s h i p s  suggested another  symbol, intended 
as a warning of approach t o  l i m i t  ang le  of a t t a c k .  A s  t h e  ang le  of a t t a c k  i s  
increased ,  as ind ica t ed  by inc reas ing  d e f l e c t i o n  of t h e  f l i g h t p a t h  symbol down- 
ward i n  t h e  d i s p l a y  f i e l d ,  a f l a s h i n g  l i n e  i s  d isp layed  a t  a v e r t i c a l  p o s i t i o n  
r e p r e s e n t a t i v e  of t h e  ang le  of at tack as soc ia t ed  w i t h  t h e  primary s ta l l -warn ing  
device  of t he  a i r p l a n e .  When appropr i a t e ,  a distance-measuring-equipment (DME) 
measure and a marker-beacon annuncia t ion  appear  near  t h e  a i r c r a f t  r e f e rence  
symbol. A l l  t h e s e  f e a t u r e s  are i l l u s t r a t e d  i n  f i g u r e  6 ,  which d e p i c t s  t h e  d i s -  
p lay  as i t  might appear i f  t h e  a i r c r a f t  w e r e  recover ing  from a sudden seve re  
wind shear  a t  low a l t i t u d e .  
Two elements i n  t h e  d i s p l a y  provide a l t i t u d e  re ferences .  Radio a l t i t u d e  
of t h e  main gear  above t h e  runway i s  ind ica t ed  by t h e  d e f l e c t i o n  of a two-line- 
segment symbol below t h e  horizon.  
t h i s  symbol is  tracked wi th  the  f l i g h t p a t h  symbol. 
gl ide-s lope s i g n a l ,  a s i m i l a r  symbol is  used t o  provide an  a l t i t u d e  "command" 
o r  cap tu re  func t ion .  
A s a t i s f a c t o r y  landing  f l a r e  is e f f e c t e d  i f  
I n  t h e  absence of an  ILS 
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This  d i s p l a y  d id  inc lude  t h e  means f o r  l o c a l i z e r  i n t e r c e p t  i n  d u p l i c a t i o n  
of t he  bas i c  func t ion  of t h e  h o r i z o n t a l  s i t u a t i o n  i n d i c a t o r  ( H S I )  of t h e  panel .  
A l i n e  symbolic of t h e  runway c e n t e r l i n e  extended, i n  perspec t ive ,  d e f i n e s  
whether t h e  a i r c r a f t  i s  l e f t  o r  r i g h t  of course  and whether t he  a i r c r a f t  is  
on a converging o r  d ive rg ing  t r a c k  relative t o  t h e  approach course.  
approach t o  course  from a lef t -of-course p o s i t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  7 .  
When t h e  approach course  heading is  ou t s ide  t h e  f i e l d  of view, as i n  t h i s  case ,  
t h e  p o i n t  of i n t e r s e c t i o n  of t h e  symbol wi th  t h e  horizon i s  cons t ra ined  t o  
remain a t  the  edge of t h e  f i e l d ,  and t h e  approach course  heading i s  def ined  
beneath t h e  f l i g h t p a t h  symbol. I n  f i g u r e  7 ,  the  l o c a l i z e r - e r r o r  symbol and the  
1" p i t c h  marks are used t o  des igna te  the  d e s i r e d  i n t e r c e p t  heading (135"). 
11 l o c a l i z e r  capture ,"  t h e s e  symbols assume t h e i r  l o c a l i z e r - e r r o r  func t ion ,  i nd i -  
c a t i n g  a turn.toward t h e  approach course.  
An 
A t  
OFERAT I ONAL PROCEDURES 
The ope ra t iona l  u se  of t h e  d i s p l a y  i n  an  ILS approach i s  demonstrated i n  
f i g u r e s  8(a)  through 8 ( h ) ,  which are photographs taken dur ing  s imula tor  tests 
of t h e  d i sp lay .  P r i o r  t o  t h e  approach, t h e  p i l o t  has  en tered  i n t o  h i s  
guidance-display computer t h e  runway heading and a l t i t u d e ,  ILS g l ide-s lope  
descent  angle ,  dec i s ion  he igh t ,  speed r e fe rence ,  and des i r ed  ILS  course- 
i n t e r c e p t  heading. I n  f i g u r e  8 ( a ) ,  t he  p i l o t  is main ta in ing  a n  a l t i t u d e  of 
1500 f t  by f l y i n g  the  f l g a h t p a t h  symbol on t h e  horizon.  
i n t e r c e p t  heading o f  155 toward t h e  ILS l o c a l i z e r  a s soc ia t ed  wi th  a runway 
having a heading of 090'. 
from s t a t i o n ,  which i n  t h i s  case is  a t  t h e  a i r p o r t .  
i n d i c a t i o n s  show a s t eady  speed about  10 knots  above t h e  r e fe rence .  For t h i s  
series of photographs, t h e  op t ion  t o  u s e  angle  of a t t a c k  as t h e  speed-error  
r e fe rence  is being exe rc i sed ,  and t h e  ex tens ion  of t he  t ape  r e p r e s e n t s  a nega- 
t i v e  angle-of-attack increment corresponding t o  a 10-knot speed su rp lus .  The 
g l ide-s lope  s i g n a l  is being rece ived ,  as i n d i c a t e d  by t h e  presence of t h e  sym- 
bol  near  t h e  top of t h e  d i sp lay .  It should be pointed out  t h a t  t he  runway i s  
a t  sea - l eve l  e l eva t ion ;  thus ,  t he  barometr ic  a l t i t u d e  shown corresponds t o  
a l t i t u d e  above t h e  runway. 
H e  is  t r ack ing  an 
The DME reading  i n d i c a t e s  t h a t  he is 15 km (9.3 m i )  
Acce lera t ion  and speed-error 
I n  f i g u r e  8 ( b ) ,  t h e  a i r p l a n e  is i n  a l o c a l i z e r - i n t e r c e p t  tu rn .  A s  t h e  
l o c a l i z e r  e r r o r  is reduced below 2 . 5 " ,  t h e  l o c a l i z e r  symbol moves l e f t  from its 
p r e s e t  i n t e r c e p t  heading p o s i t i o n .  The p i l o t  pursues t h e  l o c a l i z e r  symbol 
while  maintaining h i s  d e s i r e d  a l t i t u d e .  H i s  a c c e l e r a t i o n  symbol shows speed 
t o  be  decreas ing  a t  about  0.5 knots / sec .  
I n  f i g u r e  8 ( c ) ,  convergence on t h e  l o c a l i z e r  is  nearing completion and t h e  
runway symbol i s  i n  t h e  f i e l d  of view. 
i n d i c a t i n g  an  imminent c ros s ing  of t h e  g l i d e  s lope .  
The g l ide-s lope  symbol i s  descending, 
F igure  8(d)  shows t h e  a i r c r a f t  on l o c a l i z e r ,  on course ,  i n  l e v e l  f l i g h t  
j u s t  s l i g h t l y  below t h e  I L S  g l i d e  s lope .  This  i s  t h e  optimum moment t o  i n i t i -  
a te  the  pushover t o  t h e  3" descent  pa th .  The f l a p s  have been lowered t o  
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f inal-approach conf igu ra t ion ,  r e s u l t i n g  i n  t h e  reduct ion  of t h e  t a r g e t  speed 
t o  t h a t  corresponding t o  t h e  r e fe rence  ang le  of a t t a c k .  
F igure  8(e)  i s  a conf igu ra t ion  of the d i s p l a y  r ep resen t ing  the  s t a b i l i z e d  
on- loca l izer ,  on-glide-slope s i t u a t i o n  t h a t  i s  sought and e f f e c t e d  by d i r e c t i n g  
t h e  f l i g h t p a t h  symbol t o  t h e  l o c a l i z e r  and g l ide-s lope  symbols. 
i s  " i n  t ra i l"  behind t h e  i n t e r s e c t i o n  c i rc le .  
i s  l e f t  of t h e  a i r c r a f t  t r a c k ,  i n  t h i s  case t h e  r e s u l t  of a crosswind component 
from t h e  l e f t .  
The aircraft 
Note t h a t  t h e  a i r c r a f t  heading 
I n  f i g u r e  8 ( f ) , t h e  a i r p l a n e  has  j u s t  passed t h e  middle-marker p o s i t i o n  
900 m (0 .5  mi) s h o r t  of t h e  runway threshold .  The runway symbol over lays  t h e  
runway, which i s  j u s t  becoming v i s i b l e .  Within a second a f t e r  t h i s  s i t u a t i o n ,  
t he  runway symbol d i sappea r s ,  i n d i c a t i n g  descent  through "decis ion he ight . "  
For t h e  remainder of t h i s  approach, r a d i o  a l t i t u d e  is  ind ica t ed .  
Figure 8 ( g )  shows t h e  a i r p l a n e  descending toward f l a r e - i n i t i a t i o n  a l t i t u d e  
and shows t h e  ground-proximity symbol r i s i n g  i n  t h e  d i s p l a y ,  whi le  i n  f i g -  
u r e  8(h)  t h e  ground-proximity symbol i s  being t racked i n  t h e  landing  f l a r e .  
I n  f i g u r e s  9(a)  through 9 ( e ) ,  a loca l i ze r -on ly  "nonprecision" approach 
(NPA) is  demonstrated.  From t h e  approach f i x  ( i n  t h i s  case, t h e  ou te r  marker 
beacon), a 5" descent  i s  flown t o  minimum descent  a l t i t u d e  (MDA), which i n  
t h i s  approach w a s  set a t  135 m (440 f t ) .  I n  f i g u r e  9 ( a ) ,  t h e  t a r g e t - a l t i t u d e  
symbol is  shown r i s i n g  toward t h e  f l i g h t p a t h  symbol. Tracking t h e  l i n e  p a i r  
produces t h e  convergence on t h e  MDA shown i n  f i g u r e  9(b) .  Level f l i g h t  i s  
continued u n t i l  t h e  intended touchdown area is nea r ly  3" below t h e  d i sp lay  
horizon,  as shown i n  f i g u r e  9 ( c ) .  
symbol aimed a t  t h e  touchdown area ( f i g .  9 (d ) ) .  Adjustments are made i n  the  
f l i g h t p a t h  as necessary t o  maintain t h e  touchdown p o i n t  on t h e  runway depressed 
3" below the  horizon. 
A descent  is  i n i t i a t e d  wi th  t h e  f l i g h t p a t h  
Again, f l a r e  a l t i t u d e  is being approached i n  f i g u r e  9 ( e ) .  
The go-around maneuver r equ i r e s  no unique symbology o r  procedure relative 
t o  t h e  approach modes of use.  The f l i g h t p a t h  is exped i t ious ly  r a i s e d  t o  a 
modest p o s i t i v e  va lue  (2'-3')  as the  t h r u s t  is increased  t o  climb power. When 
the  des i r ed  climb speed i s  a t t a i n e d ,  t he  f l i g h t p a t h  is  e leva ted  t o  correspond 
t o  t h e  p o s i t i o n  of t h e  a c c e l e r a t i o n  symbol, a s su r ing  a constant-speed climb- 
out .  I f  climb performance is  threa tened  by engine malfunct ion o r  atmospheric 
d i s tu rbance ,  optimum a c t i o n  can be e f f e c t e d  wi th  t h e  c l o s e l y  i n t e g r a t e d  d i s -  
p lays  of a l t i t u d e ,  speed, f l i g h t p a t h ,  and a c c e l e r a t i o n .  Speed decay i s  
avoided by matching t h e  f l i g h t p a t h  wi th  the  a c c e l e r a t i o n  i n d i c a t i o n .  
r a i n  c l ea rance  i s  temporar i ly  cr i t ical ,  i n t e l l i g e n t  t rade-of fs  between speed 
and a l t i t u d e  are aided because t h e  p i l o t  i s  d i r e c t l y  c o n t r o l l i n g  a n  i n d i c a t i o n  
p ropor t iona l  t o  v e r t i c a l  v e l o c i t y ,  and he has  speed and a c c e l e r a t i o n  indica-  
t i o n s  i n  c l o s e  v i s u a l  proximity.  
I f  ter- 
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DISCUSSION OF DESIGN DETAILS 
The previous s e c t i o n s  of t h i s  r e p o r t  have descr ibed  a d i s p l a y  format 
developed over a per iod  of time t h a t  r e f l e c t s  experience wi th  a v a r i e t y  of 
i n d i v i d u a l  display-element concepts .  The fo l lowing  d i scuss ions  of i n d i v i d u a l  
f e a t u r e s  are o f fe red  wi th  t h e  hope t h a t  they  sugges t  des ign  p r i n c i p l e s  app l i -  
cab le  t o  head-up d i s p l a y s  and t o  i n t e g r a t e d  e l e c t r o n i c  d i s p l a y s  gene ra l ly .  
Symbol Form 
Airspeed and a l t i tude  display- The f i r s t  d i s p l a y  format evaluated i n  t h e  
program nea r ly  3 yea r s  ago is  i l l u s t r a t e d  i n  f i g u r e  LO. 
heav i ly  from m i l i t a r y  experience i n  gene ra l  l a y o u t ,  w i th  a i r speed  and a l t i t u d e  
scales, o r  "thermometer readings,"  bo ld ly  ev iden t .  A t  t h a t  t i m e ,  t he  d i s p l a y  
w a s  designed w i t h  t h e  assumption t h a t  ground t r a c k  w a s  no t  a v a i l a b l e ,  and lat- 
e ra l  guidance was  aided by a symbol which dup l i ca t ed  the  func t ion  of a f l i g h t  
d i r e c t o r  " s t ee r ing  bar." The only f e a t u r e s  of t h i s  d i s p l a y  t h a t  are r e t a ined  
i n  t h e  f i n a l  d i s p l a y  conf igu ra t ion  are t h e  ILS g l ide-s lope  guidance scheme and 
t h e  fast-s low tape.  
Its design borrowed 
The speed and a l t i t u d e  scales w e r e  qu ick ly  assessed  as awkward and c l u t -  
t e r e d  i n  t h e  landing approach. I n  f a c t ,  they were o f t e n  ignored because the  
fast-s low t a p e  and an  expanding runway r e p r e s e n t a t i o n  a t  least p a r t i a l l y  m e t  
t he  immediate demands of t h e  p i l o t .  The f i r s t  major r e v i s i o n  of t h e  d i s p l a y  
presented d i g i t a l  readouts  of speed and a l t i t u d e  f i x e d  i n  t h e  lower po r t ion  of 
t h e  d i s p l a y  frame ( f i g .  11). These w e r e  r e t a i n e d  through the  next - to- f ina l  
conf igu ra t ion ,  i l l u s t r a t e d  i n  f i g u r e  12 .  E f f o r t s  t o  move t h e s e  i n d i c a t i o n s  
c l o s e r  t o  t h e  f l i g h t p a t h  symbol f o r  easier scanning r e s u l t e d  i n  undes i rab le  
'dynamic "conf l i c t s "  u n t i l  McDonnell-Douglas Corp., i n  t he  development of t h e i r  
DC9 HUD, demonstrated t h e  v i r t u e  of t y ing  t h e  d i g i t s  d i r e c t l y  t o  t h e  f l i g h t p a t h  
symbol. On no occasion have eva lua t ion  p i l o t s  c i t e d  a d e s i r e  t o  r e t u r n  t o  
scales o r  e l e c t r o n i c  r e p r e s e n t a t i o n s  of t h e i r  pane l  a i r speed  and a l t i t u d e  
ins t ruments .  Seve ra l  p i l o t s  missed a ver t ica l  rate i n d i c a t i o n  u n t i l  they rec- 
ognized t h a t  t h e  d isp layed  f l i g h t p a t h  angle  provided t h a t  func t ion .  
Symbol %eight"- The s ta te  of cu r ren t  technology d iscourages  t h e  u s e  of 
co lo r  t o  improve d i sc r imina t ion  between symbols i n  head-up d i s p l a y s ;  and t o  
minimize obscura t ion  of t h e  ou t s ide  scene,  as w e l l  as t o  minimize d isp lay-  
wr i t i ng  t i m e ,  l i n e  o r  o u t l i n e  symbols are favored over  s o l i d  opaque symbols. 
Simulator experience wi th  t h e  d i s p l a y  of f i g u r e  11 pointed out  t he  hazard 
r e s u l t i n g  from inadequate  d i f f e r e n t i a t i o n  between a contro.l led element ( f l i g h t -  
pa th  symbol) and t h e  d i s p l a y  element t o  which i t  i s  being referenced (g l ide-  
s lope  e r r o r  l i n e ) .  On a number of occasions,  under s t r e s s f u l ,  dynamic condi- 
t i o n s ,  p i l o t s  su f f e red  abrupt  divergences of f l i g h t p a t h  because they momentarily 
reversed t h e  r o l e s  of t h e s e  two symbols. With the  c u r r e n t  d i s p l a y  format,  
which f e a t u r e s  a r e t u r n  of t h e  f l i g h t p a t h  c i rc le  and t h e  at tachment  of t h e  
speed and a l t i t u d e  d i g i t s  t o  form a r e l a t i v e l y  massive a r r a y ,  such occurrences 
have been rare. A "reversal" tendency w a s  noted w i t h  t h e  energy-control 
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symbology of a f o r e i g n  experimental  head-up format i n  which t h e  con t ro l l ed  and 
r e fe rence  elements w e r e  s i m i l a r  i n  type  and s i z e .  
Pitch scales- The earlier ve r s ions  of t h e  d i s p l a y  included t h e  t r a d i t i o n a l  
p i t c h  " ladder ,"  wi th  r e fe rences  a t  5" i n t e r v a l s ,  t h a t  moved I n  p i t c h  and r o l l  
wi th  r e spec t  t o  t h e  a i r c r a f t  r e f e rence  symbol. It  w a s  found t h a t  such c l u t t e r  
can be s a t i s f a c t o r i l y  avoided by l i m i t i n g  the  p i t c h  r e fe rences  t o  those  
requi red  f o r  t h e  nominal approach t a s k s ,  except  i n  cases of severe nosedown 
upse t  where a d d i t i o n a l  r e fe rences  can be  programed t o  appear.  The f i n a l  d i s -  
p lay  format r e f l e c t s  t h i s  f i nd ing ,  and i n  a d d i t i o n  g ives  a heading degree of 
freedom t o  the  p i t c h  r e fe rences .  This  lat ter f e a t u r e  i s  v i s u a l l y  g r a t i f y i n g .  
A l l  major ear th-or ien ted  symbols have the  f u l l  three-degrees  of angular  freedom, 
reducing t h e  s l i g h t  tendencies  toward d i s o r i e n t a t i o n  t h a t  w e r e  experienced wi th  
t h e  earlier conf igu ra t ions  under cond i t ions  of combined h igh  p i t c h  and yaw 
rates. 
Speed control- The fast-s low t ape ,  a t t ached  d i r e c t l y  t o  t h e  primary symbol, 
w a s  der ived  from earlier e l e c t r o n i c  d i s p l a y  experience and received consis-  
t e n t l y  favorable  reviews throughout t h e  course of t h e  s u b j e c t  development. The 
attachment of t h e  symbol t o  i ts  re fe rence  may be  as important t o  its success  
as is  i t s  e a s i l y  scanned loca t ion .  Even under t h e  most dynamic circumstances,  
i t  does no t  have t o  be sought ,  and i t s  s i z e  i s  a d i r e c t  i n d i c a t i o n  of t h e  e r r o r  
t o  be nul led .  S e l e c t i o n  of upward ex tens ion  t o  i n d i c a t e  " f a s t "  r e f l e c t s  t h e  
dec i s ion  t o  remain c o n s i s t e n t  wi th  t h e  u s u a l  AD1 fas t -s low i n d i c a t i o n .  
The a c c e l e r a t i o n  ( o r  " p o t e n t i a l  f l i gh tpa th" )  symbol did not  appear i n  t h e  
f i r s t  format.  Among t h e  cr i t ic isms of t h a t  des ign  w a s  l a c k  of a t h r u s t  r e f e r -  
ence. The a c c e l e r a t i o n  symbol s a t i s f i e d  most eva lua to r s ,  a l though some 
observed t h a t  an  i n d i c a t i o n  of overboost would be va luable .  The weight of t he  
symbol w a s  kept  low i n  accordance w i t h  its r o l e  as an  a i d  o r  guide,  no t  as a 
measure t h a t  w a s  cont inuously monitored and c o n t r o l l e d  t o  a s p e c i f i c  re ference .  
The a c c e l e r a t i o n  i n d i c a t i o n  w a s  probably t h e  s i n g l e  most unfami l ia r  fea-  
t u r e  i n  t h e  d i s p l a y  t o  those  p i l o t s  who had no t  been previous ly  exposed t o  
e l e c t r o n i c  f l i g h t  d i s p l a y s ;  however, its acceptance w a s  unanimous, as i t  has  
been i n  o t h e r  f l i g h t p a t h  d i s p l a y  mechanizations.  
p i l o t s  v a r i e d  i n  t h e i r  techniques and s k i l l  i n  u s ing  t h e  measure, and t h e i r  
apprec i a t ion  of i t s  use fu lness  grew wi th  t h e i r  experience.  N o  obvious,  sys- 
tematic misuses of t h e  symbol were noted. 
Because of i t s  novel ty ,  
Symbol Dynamics 
Flightpath- With t h e  s u b j e c t  d i s p l a y ,  t h e  p i l o t ' s  primary t a s k  is d i r e c t  
c o n t r o l  of t h e  f l i g h t p a t h  symbol t o  what are normally considered a t t i t u d e  ref- 
erences ,  o r  t o  guidance elements.  The dynamic behavior  of t he  f l i g h t p a t h  of 
t he  c e n t e r  of g r a v i t y  of t h e  a i r p l a n e  i n  response t o  p i tch-cont ro l  i n p u t s  l a g s  
t h a t  of p i t c h  a t t i t u d e  by more than 1 .5  sec a t  approach speeds.  Thus, wi thout  
some form of compensation, p r e c i s e  c o n t r o l  of a n  i n d i c a t i o n  of t h e  ver t ica l  
f l i g h t p a t h  of t h e  a i r c r a f t  c.g.  l o c a t i o n  is q u i t e  d i f f i c u l t .  However, i f  t he  
f l i g h t p a t h  is  measured o r  computed t o  be t h a t  of t h e  cockpi t  area of a l a r g e  
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aircraf t  (25.9 m (85 f t )  forward of the  c.g. i n  t h e  727-200), t h e  dynamics of 
t h e  symbol are very  good. A s m a l l  amount of a d d i t i o n a l  p i t c h - a t t i t u d e  "lead" 
can be used t o  opt imize t h e  response without  producing any undes i r ab le  conse- 
quences. Vertical f l i g h t p a t h  ang le  i n  t h e  s u b j e c t  d i s p l a y  i s  def ined  as 
v e r t i c a l  v e l o c i t y  of cockpi t )  + ( 0.4s ) 
v e l o c i t y  a long t r a c k  0.4s + 1 tan-1 ( 
where 9 i s  p i t c h  a t t i t u d e  and s is Laplace opera tor .  
I n  t h e  s imula t ion  e x e r c i s e s ,  direczl c o n t r o l  of t h i s  "augmented" f l i g h t p a t h  
When t h e  s i g n i f i c a n c e  of 
i n d i c a t i o n  w a s  seen t o  be analogous t o  t h a t  of p i t c h  a t t i t u d e ,  and i t  s u b s t i -  
t u t ed  completely and g r a c e f u l l y  f o r  t h a t  normal mode. 
the  f l i g h t p a t h  i n d i c a t i o n  is f u l l y  apprec ia ted  by t h e  p i l o t ,  c o n t r o l  of ver t i -  
ca l  f l i g h t p a t h  i n  t h e  presence of speed o r  conf igu ra t ion  changes, as w e l l  as 
atmospheric d i s tu rbances ,  is  i n s t i n c t i v e  and p r e c i s e .  A unique v i r t u e  i s  seen  
i n  t h e  response of t he  f l i g h t p a t h  i n d i c a t i o n  t o  t h e  ve r t i ca l  g u s t  component of 
turbulence.  A s  configured,  t h e  i n d i c a t i o n  r e p r e s e n t s  t h e  f l i g h t p a t h  of a p o i n t  
forward of t h e  cockpi t ,  i n  t h e  v i c i n i t y  of t h e  centex of t h e  n a t u r a l  r o t a t i o n a l  
response as the  a i r p l a n e  heaves and "weathercocks" i n  response t o  v e r t i c a l  
gus t s ;  thus ,  t he  f l i g h t p a t h  i n d i c a t i o n  is s t a b i l i z e d  re la t ive t o  p i t c h  a t t i -  
tude,  and the  need f o r  higher  frequency p i t ch -con t ro l  i n p u t s  i s  minimized. 
While the  i n d i c a t i o n  of p i t c h  a t t i t u d e  provided i n  the  d i s p l a y  by the  a i r c r a f t  
r e f e rence  symbol becomes of secondary importance, t h e  r e l a t i o n s h i p  of t h i s  sym- 
b o l  t o  t h e  f l i g h t p a t h  symbol, r e f l e c t i n g  ang le  of a t t a c k ,  s t rong ly  complements 
t he  speed i n d i c a t i o n s  of t h e  d i s p l a y .  
Acceleration along the f l igh tpath-  The d e f i n i t i o n  of the  a c c e l e r a t i o n  
ind ica t ed  by t h e  d e f l e c t i o n  of t h e  chevron re la t ive t o  the  f l i g h t p a t h  symbol 
r e f l e c t s  t h e  o b j e c t i v e  of providing f o r  improved energy management i n  seve re  
atmospheric d i s turbances .  To provide wind-shear sens ing  a t t r i b u t e s  whi le  a l s o  
a s s i s t i n g  i n  r o u t i n e  t h r u s t  management, a combination of i n e r t i a l  a c c e l e r a t i o n  
and rate of change of i nd ica t ed  a i r speed  w a s  de r ived  i n  a complementary f i l t e r  
of t h e  form 
+ i n e r t i a l  acce le ra t iof i  i nd ica t ed  a c c e l e r a t i o n  = (airspeed )(m': 1) 
where T is a t i m e  cons tan t  ( 3  t o  5 s e c ) .  This  l o g i c  prevents  t h e  masking of 
cont inuing shear  i n d i c a t i o n s  by i n e r t i a l  a c c e l e r a t i o n ,  wh i l e  s u f f i c i e n t l y  f i l -  
t e r i n g  t h e  no i se  inhe ren t  i n  t h e  d e r i v a t i v e  of a i r speed  i n  turbulence.  
LatsraZ fZightpath dynamics- A s  i nd ica t ed  earlier, t h e  f i n a l  format ,  and 
the  one immediately preceding i t ,  w e r e  configured and eva lua ted  wi th  t h e  assump- 
t i o n  t h a t  INS-derived ground-track information w a s  a v a i l a b l e .  The p i l o t ' s  t a s k  
i n  the  ILS approach w a s  t o  d i r e c t  h i s  t r a c k  ( f l i g h t p a t h  symbol) a t  a p a r t i c u l a r  
ins tan taneous  heading r e fe rence  ind ica t ed  by t h e  l o c a l i z e r - e r r o r  symbol. Some 
d i f f i c u l t i e s  were a n t i c i p a t e d  because of t h e  un fami l i a r  response of t h e  t r a c k  
i n d i c a t i o n ' i n  la teral  maneuvering (it is almost decoupled from heading i n  s h o r t  
per iod motions) and because t h e  " t r a c k  command" r e l a t i o n s h i p  of t h e  l o c a l i z e r -  
e r r o r  symbol t o  t h e  f l i g h t p a t h  symbol resembles t h a t  of t h e  roll-command 
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ver t ica l  needle  i n  a convent ional  f l i g h t  d i r e c t o r .  
encountered, a l though t h e  p i l o t s  demonstrated a need f o r  some f a m i l i a r i z a t i o n  
with t h e  new c o n t r o l  mode. 
s i s t e n t  tendencies  t o  o s c i l l a t e  s l i g h t l y  i n  r o l l  when t r ack ing  t h e  l o c a l i z e r .  
Some of t hese  p i l o t s  f e l t  t h a t  t h e i r  behavior w a s  t h e  r e s u l t  of inadequate  
bank-angle r e fe rences  i n  t h e  d i sp lay .  It i s  p o s s i b l e  t h a t  t h e s e  p i l o t s  pos- 
sessed s t y l e s  of c o n t r o l  t h a t  d id  no t  accommodate r e a d i l y  t o  t h e  un fami l i a r  
t r ack ing  dynamics, o r  they may have c a r r i e d  i n t o  t h e  t a s k  some of t h e i r  f l i g h t  
d i r e c t o r  h a b i t s .  These o s c i l l a t o r y  tendencies  diminished w i t h  increased  expo- 
s u r e  t o  t h e  d i sp lay .  
No major d i f f i c u l t y  w a s  
A few of t h e  p i l o t s  experienced undes i rab ly  per- 
Some of t he  most r ecen t  experience wi th  the  f i n a l  conf igu ra t ion  has  
u t i l i z e d  a d i s p l a y  mode t h a t  aga in  assumes the  u n a v a i l a b i l i t y  of INS-derived 
ground speed o r  t r ack .  I n  t h i s  mode, t h e  f l i g h t p a t h  symbol remains a s soc ia t ed  
l a t e r a l l y  wi th  a i r c r a f t  r e f e rence  ( ind ica t ed  t r a c k  the  same as heading) u n t i l  
a v a l i d  l o c a l i z e r  e r r o r  of less than 3" is sensed. Loca l i ze r - e r ro r  rate is 
then used, i n  t h e  manner of a f l i g h t - d i r e c t o r  computer, t o  deduce an approxi- 
mation t o  ground t r a c k  which i s  used t o  p o s i t i o n  t h e  f l i g h t p a t h  symbol. This  
technique is  e f f e c t i v e  i n  t h e  s imula tor  f o r  loca l izer -guided  approaches; how- 
ever ,  a f u l l y  s a t i s f a c t o r y  mechanization of t h e  lateral  behavior of t h e  f l i g h t -  
pa th  symbol f o r  approaches without  t r a c k  measures o r  l o c a l i z e r  has  not  y e t  been 
ident i f ied , .  
Symbol excursion l i m i t s -  I f  t h e  guidance elements of t h e  d i s p l a y ,  which 
are  referenced t o  t h e  approach course  heading, w e r e  t o  remain s t r i c t l y  con- 
formal wi th  t h e  o u t s i d e  world, they would l eave  t h e  l imi t ed  f i e l d  of view of 
t he  d i s p l a y  i n  many s i t u a t i o n s  when they  are most needed. The same f a c t  is 
t r u e  of t he  f l i g h t p a t h  symbol i t s e l f ;  a very s t r o n g  crosswind can produce a 
d r i f t  (o r  crab)  angle  t h a t  w i l l  p l a c e  t h e  f l i g h t p a t h  o u t s i d e  t h e  d i s p l a y  f i e l d .  
Excursions of t hese  symbols must be l imi t ed  t o  the  d i s p l a y  f i e l d  i n  a manner 
t h a t  does no t  produce ambigui t ies  o r  i r r i t a t i n g  dynamic behavior and does no t  
r e q u i r e  a s i g n i f i c a n t l y  rev ised  mode of opera t ion .  
when t h e  f l i g h t p a t h  symbol i s  a g a i n s t  a l a t e ra l  excursion l i m i t ,  t h e  pos i t ion-  
ing  of t h e  guidance elements r e f l e c t s  t h a t  cond i t ion  so as t o  cont inue  t h e  s a m e  
dynamic r e l a t i o n s h i p s .  The experience wi th  the  s u b j e c t  d i s p l a y  sugges ts  t h a t  
t hese  excurs ion- l imi t ing  cons ide ra t ions  are among t h e  most cha l lenging  i n  t h e  
design of a conformal head-up d i sp lay .  
I n  the  s u b j e c t  d i s p l a y ,  
Unresolved I s s u e s  
Localizer-intercept display- The a t tempt  t o  inc lude  i n  t h e  d i s p l a y  format 
i n d i c a t i o n s  adequate f o r  i n t e r c e p t  of a l o c a l i z e r  course  may have been more 
appropr i a t e  f o r  pane l  ins t rumenta t ion  than  f o r  a head-up d i s p l a y ,  bu t  t h e  
oppor tuni ty  t o  address  the  ques t ion  of combining AD1 and HSI €unct ions i n  one 
format could n o t  be ignored. The "runway c e n t e r l i n e "  mechanization descr ibed  
i n  f i g u r e  7 is as t e c h n i c a l l y  unambiguous and d e s c r i p t i v e  of t h e  f l i g h t  s i t u a -  
t i o n  as t h e  convent ional  H S I ;  however, i t  c o n s i s t e n t l y  i n s p i r e d  c r i t i c i sm from 
p i l o t s ,  e s p e c i a l l y  i n  t h e i r  e a r l y  experience.  Res is tance  t o  acceptance of t h e  
runway-centerline pe r spec t ive  i n t e r p r e t a t i o n  is  probably caused by confusion 
wi th  t h e  e r r o r  i n d i c a t i o n  i n  t h e  f a m i l i a r  HSI. A s  i l l u s t r a t e d  i n  f i g u r e  13,  
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t h e  angular  r e l a t i o n s h i p  of t h e  e r r o r  symbol t o  t h e  "frame" of t h e  HSI is  a 
measure of t he  d i f f e r e n c e  between l o c a l i z e r  course  and a i r c r a f t  headings,  whi le  
i n  t h e  HUD the  ang le  i s  a measure of lateral displacement from course  and is 
independent of a i r c r a f t  heading. The d i s o r i e n t a t i o n s  experienced by t h e  p i l o t s  
wi th  t h i s  f e a t u r e  of t h e  d i sp lay  a rgue  s t r o n g l y  f o r  avoidance of such pe rcep tua l  
c o n f l i c t s  w i th  convent ional  d i s p l a y  l o g i c ,  o r  a t  least  f o r  i n d o c t r i n a t i o n  and 
t r a i n i n g  t o  e f f e c t  f u l l  f a m i l i a r i t y  wi th  t h e  new l o g i c .  
Flare guidance- The provis ion  f o r  cont inuous ver t ica l  guidance i n  t h e  land- 
ing  f l a r e  w a s  included i n  a l l  t h e  formats  and w a s  e f f e c t i v e l y  u t i l i z e d  by most 
of t h e  eva lua t ing  p i l o t s .  However, i t  is t h e  personal  observa t ion  of t h e  
au thor ,  supported by s o l i c i t e d  views of p i l o t s  s i m i l a r l y  experienced wi th  t h e  
d i sp lay ,  t h a t  t h e  use  of t h e  f l a r e  guidance t o  touchdown i n  manually c o n t r o l l e d  
landing i s  accomplished a t  t h e  expense of reduced percept ion  and use  of t h e  
cues normally der ived  from v i s u a l  scanning of t h e  runway. This  is  understand- 
a b l e  i f  one accep t s  t h e  reasonable  assumption t h a t  i n  normal landings ,  wi thout  
HUD, p i l o t s  f u l l y  s a t u r a t e  t h e i r  v i s u a l  pe rcep t ion  c a p a b i l i t i e s  i n  support  of 
t h e i r  conduct of the  f l a r e  maneuver. I n  a p i l o t ' s  e a r l y  experience w i t h  the  
d i sp lay ,  p re sen ta t ion  of a second f i e l d  of information i n s p i r e s  an e i t h e r / o r  
dec i s ion ,  conscious o r  subconscious.  
both f i e l d s  of information t o  e f f e c t  opt imal  c o n t r o l  of t h e  f l a r e  s e e m s  t o  
r e q u i r e  much p r a c t i c e .  The p o s s i b i l i t y  i s  r a i s e d  t h a t  t h e  wi l l i ngness  t o  con- 
c e n t r a t e  on the  d i s p l a y  i n  t h e  f l a r e  is exaggerated i n  s imula t ion ,  where o u t s i d e  
v i s u a l  cues  are somewhat degraded re la t ive t o  those  of f l i g h t .  Thus a ques t ion  
s t i l l  remains regard ing  t h e  va lue  of a continuous f l a r e  cue i n  the  manual land- 
ing ,  b u t  very  r ecen t  experiences wi th  s imula t ions  of very- low-vis ib i l i ty  auto- 
m a t i c  l andings  support  i t s  presence as a performance monitor ing a i d .  
The development of a scan  t h a t  i nc ludes  
Provisions fo r  display simplification- A l l  ve r s ions  of t he  format w e r e  
accompanied by one o r  more submodes, s u i t a b l e  f o r  t h e  f i n a l  VMC po r t ion  of t h e  
approach, t h a t  contained cons iderably  less symbology than t h e  a l l -up  d i sp lay .  
A "dec lu t te red"  ve r s ion  of t he  f i n a l  d i s p l a y  is i l l u s t r a t e d  i n  f i g u r e  1 4 .  
These modes were acquired by depress ion  of a sequencer but ton  on the  p i l o t ' s  
c o n t r o l  wheel. When introduced t o  t h i s  f e a t u r e ,  a l l  t he  eva lua tor  p i l o t s  
reac ted  favorably;  however, i n  t h e  t o t a l  s imula tor  experience,  only a few of 
t h e  p i l o t s  a c t u a l l y  adopted t h e  procedure of s impl i fy ing  the  d i s p l a y  la te  i n  
the  approach. Apparently e i t h e r  the  f u l l  d i s p l a y  d id  n o t  c o n s t i t u t e  a s i g n i f i -  
can t  v i s u a l  burden t o  most p i l o t s ,  o r  t he  d e c l u t t e r  op t ion  w a s  simply f o r g o t t e n  
i n  t h e  high work load of low f i n a l  approach. 
PILOT ACCEPTANCE AND LEARNING 
To most of t h e  eva lua to r  p i l o t s ,  t h e  HUD format represented  an arrangement 
of information r a d i c a l l y  d i f f e r e n t  from any they had used i n  f l i g h t .  The 
r a p i d i t y  of acceptance of most of t hese  un fami l i a r  forms is considered a mea-  
s u r e  of t h e i r  e f f ec t iveness .  The des igna t ion  of t h e  f l i g h t p a t h  symbol as t h e  
primary con t ro l l ed  element of t he  d i s p l a y  presented  no problems t o  t h e  p i l o t s  
i n  the  a i r c r a f t  c o n t r o l  modes used i n  t h i s  development ( f u l l  manual o r  ILS- 
coupled au to land) .  Its u s e  w a s  dynamically comfortable ,  and s u f f i c i e n t l y  
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analogous t o  t h a t  of t h e i r  convent ional  ins t ruments  t o  r e q u i r e  a minimum of 
f a m i l i a r i z a t i o n  p r i o r  t o  t h e  conduct of p r e c i s e  instrument  approaches,  a t  least 
i n  nominal condi t ions .  The observa t ion  i s  o f fe red  t h a t  many p i l o t s  tended i n i -  
t i a l l y  t o  demonstrate more confidence i n  than t e c h n i c a l  comprehension of t h e  
d i sp lay ,  and thus  w e r e  sometimes slow t o  a p p r e c i a t e  and employ t h e  f u l l  poten- 
t i a l  of t h e  f l i g h t p a t h  information o f fe red  them. Continued i n s t r u c t i o n  and 
p r a c t i c e  p a s t  t h e  f i r s t  several hours  of experience proved rewarding i n  terms 
of demonstrated performance i n  high-workload s i t u a t i o n s  posed by turbulence  and 
shears .  It should be expected t h a t  t h e  development of scan  p a t t e r n s  and c o n t r o l  
s t r a t e g i e s  wi th  a completely new l ayou t  of f l i g h t  information r e q u i r e s  p r a c t i c e .  
The s imula tor  experience a s soc ia t ed  w i t h  t h i s  d i s p l a y  development very  s t r o n g l y  
po in t s  ou t  t h e  a d v i s a b i l i t y  of exposing p i l o t s  t o  thorough i n d o c t r i n a t i o n ,  
p r a c t i c e ,  and t e s t i n g  as p a r t  of t h e i r  eva lua t ion  procedure.  
CONCLUDING REMARKS 
The d i s p l a y  development program descr ibed i n  t h i s  paper enjoyed the  pe r i -  
od ic  a v a i l a b i l i t y  of s o p h i s t i c a t e d  f l i g h t  s imula t ion  i n  which demanding p i l o t i n g  
t a s k s  could be r e a l i s t i c a l l y  represented .  The experience sugges t s  t h a t  t h e r e  
is  no r a t i o n a l  a l t e r n a t i v e ;  t h e  eva lua to r  must g e t  i n t o  t h e  c o n t r o l  loops ,  wi th  
ample t i m e  t o  develop a performance p la teau .  However, the  program would have 
benef i ted  from t h e  a v a i l a b i l i t y  of a s impler  s imula to r  i n  which a g r e a t e r  
v a r i e t y  of d i s p l a y  concepts  could have been g iven  pre l iminary  in spec t ion .  
improved f l e x i b i l i t y  i n  t h e  design process  might p r o t e c t  a g a i n s t  t h e  n a t u r a l  
tendency t o  concen t r a t e  on, and ove r re f ine ,  a s i n g l e  concept.  
Such 
The s u b j e c t  conformal f l ightpath-based head-up d i s p l a y  format w a s  developed 
and evaluated under t h e  assumption t h a t  i n  the  aircraft  i t  would, under the  most 
favorable  c i rcumstances,  be suppl ied p r e c i s e  a t t i t u d e ,  v e l o c i t y ,  and accelera- 
t i o n  d a t a  from modern senso r s ,  inc luding  INS.  A q u i t e  d i f f e r e n t  d i s p l a y  concept 
might r e s u l t  i f  assumed sensors  remained l i m i t e d  t o  those found on most of our  
p re sen t ly  opera t ing  domest ic- t ransport  a i r c r a f t .  
Most of t h e  a i r - t ranspor t -cornuni ty  p i l o t s  exposed to  the  HUD formats  
demonstrated an  encouraging acceptance of un fami l i a r  concepts  when e f f e c t i v e -  
ness  w a s  demonstrated i n  high-qual i ty  f l i g h t  s imula t ion .  However, from t h i s  
des ign  and eva lua t ion  experience comes the  warning t h a t  wi th  r a d i c a l l y  new d i s -  
p lays  p i l o t  performance can precede p i l o t  understanding,  w i th  t h e  r e s u l t  t h a t  
inadequate  emphasis is  placed on i n s t r u c t i o n ,  t e s t i n g ,  and p r a c t i c e .  
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COLLIMATING LENSES 
DUMMY COMBINER 
BEAM SPLITTER 
Figure 1.- Optical combining of HUD with visual scene 
in simulator. 
Figure 2.- Head-up display in simulated low-visibility approach. 
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(a) Level flight, above 3 0  path to touchdown point. 
(b) Descending at 50 to establish 30 approach flightpath. 
Figure 3.- Approach-path guidance provided by conformal 
display of flightpath vector. 
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(c) On 3O approach flightpath. 
Figure 3. - Concluded. 
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(b) Tracking combined error s i g n a l s  to e f f e c t  
convergence t o  ILS path.  
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(e) On ILS approach path.  
Figure 4.- Concluded. 
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ACCELERATION (POSITIVE) 
-> 
T I - 2 5  - - 1280 
SPEED ERROR (LOW) 1 
Figure 5.- Fligthpath symbol and associated array of speed 
and altitude indications. 
DME , - 10 '\ 
1.2 - \ 
\ ANG LE-OF-ATTACK 
WARNING (FLASHES) 
Figure 6.- Additional display references. 
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Figure 7.-  Lateral guidance prior to localizer capture. 
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(a) Level flight on intercept heading. 
(b) Turning to localizer course. 
Figure 8.- Photographs of HUD during simulated ILS approach. 
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(e) Near completion of localizer capture. 
(d) Initiating pushover to ILS glidepath. 
Figure 8 .- Continued. 
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(e) On approach path. 
(f) Runway in sight, 900-m (0.5-mi) visibility. 
Figure 8.- Continued. 
(9) Ground-proximity symbol rising. 
(h) Tracking ground-proximity symbol in flare. 
Figure 8.- Concluded. 
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(a) Descending to MDA, target-altitude symbol rising. 
(b) Holding MDA by tracking altitude symbol. 
Figure 9.- KtTD in localizer-only nonprecision approach (NPA). 
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(c) Nearing 3O path to runway. 
(d) Tracking intended touchdown area. 
Figure 9.- Continued. 
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(e) Completing approach. 
Figure 9.- Concluded. 
Figure 10.- Initial flightpath format of  NASA-Ames 
HUD studies. 
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Figure 1 1 . -  F i r s t  major variat ion of HUD format. 
Figure 12.- Second variation of HUD format; assumes de f in i t ion  
of ground track. 
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Figure 13.- Comparison of HUD and HSI indications of aircraft 
position and heading relative to ILS localizer course. 
Figure 7 4.- "Decluttered" display. 
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